ABSTRACT. Some sweet corn (Zea mays L.) hybrids and inbreds can be severely injured by applications of postemergence herbicides. An association was observed between the responses of sweet corn hybrids and inbreds to nicosulfuron and mesotrione, and F 2 families derived from a cross of a sensitive (Cr1) and a tolerant (Cr2) sweet corn inbred segregated for response to these two herbicides. These observations prompted us to examine the inheritance of sensitivity in sweet corn to multiple postemergence herbicide treatments with different modes of action and to determine if there was a common genetic basis for cross-sensitivity to these herbicides. The sensitive and tolerant inbreds, progeny in the F 1 , F 2 , BC 1 , and BC 2 generations, and BC 1 S 1 , BC 2 S 1 , F 2:3 (S 1:2 ) and 
The potential for crop injury limits the use of postemergence herbicides in sweet corn. Under certain environmental conditions, some hybrids and inbreds can be severely injured by postemergence applications of several herbicides, including nicosulfuron (Burton et al., 1994; Grey et al., 2000; Monks et al., 1992; Morton and Harvey, 1992; O'Sullivan and Bouw, 1998; O'Sullivan et al., 1995 O'Sullivan et al., , 2000 Robinson et al., 1993 Robinson et al., , 1994 Stall and Bewick, 1992; Williams et al., 2005) , mesotrione (Masiunas et al., 2004; Williams et al., 2005) , bentazon (Diebold et al., 2004) , primisulfuron (Burton et al., 1994; Grey et al., 2000; Monks et al., 1992; , rimsulfuron (O'Sullivan and Bouw, 1998; O'Sullivan et al., 1995) , and foramsulfuron (Diebold et al., 2003) . Consequently, evaluations of new sweet corn hybrids and inbreds for sensitivity to herbicides and evaluations of new herbicides for potential injury on widely used sweet corn germplasm have become routine.
During a recent screening program, an association was observed between the responses of sweet corn hybrids to nicosulfuron and mesotrione (Williams et al., 2005) . Nicosulfuron-sensitive hybrids were more likely to be sensitive to mesotrione than nicosulfuron-tolerant hybrids and vice versa. This association was more evident among inbreds and F 2 families derived from a cross of a sensitive inbred, Cr1, and a tolerant inbred, Cr2. A similar but less explicit association also was observed among responses of inbreds and F 2 families to dicamba + difl ufenzopyr and carfentrazone (M.M. Williams, J.K. Pataky, J.N. Nordby, D.E. Riechers, C.L. Sprague, and J.B. Masiunas, unpublished) . Segregation of F 2 families for response to nicosulfuron and mesotrione fi t a 1:2:1 pattern that would be expected if sensitivity was conditioned by a single recessive gene. The strong association between responses of inbreds and F 2 families to nicosulfuron and mesotrione, and possibly to dicamba + difl ufenzopyr and carfentrazone, suggested that the same gene may condition response to multiple herbicide treatments. However, sample size of F 3 plants in F 2 families was small. Additional experiments with larger sample sizes were deemed necessary to confi rm these preliminary observations (Williams et al., 2005) .
Differences in rates of metabolic inactivation are the primary basis for differential sensitivity in corn and other plants to sulfonylurea herbicides such as nicosulfuron (Barrett, 1995; Burton et al., 1994; Fonné-Pfi ster et al., 1990; Green, 1998; Green and Ulrich, 1993; Harms et al., 1990; Hinz and Owen, 1996) . Nicosulfuron is hydroxylated by cytochrome P450 enzymes in corn as a Phase I detoxifi cation reaction (Kreuz et al., 1996) . Cytochrome P450 activity in corn also metabolizes herbicides in at least fi ve other chemical families; however, the number of P450s involved and regulation of their levels of activity are not clearly understood (Barrett, 1995 (Barrett, , 2000 Boldt et al., 1992) . Corn has many cytochrome P450 genes (Frey et al., 1995) . Interestingly, a few or possibly even one P450 in corn are primarily responsible for herbicide metabolism (Barrett, 1995; Barrett et al., 1994) . A fi eld corn inbred, GA209, originally identifi ed as bentazon-sensitive, was more sensitive to imazethapyr, nicosulfuron, primisulfuron, and chlortoluron and slightly more sensitive to dicamba than B73, a bentazon-tolerant inbred (Barrett et al., 1997) . Within a 24-h period after excised shoots of GA209 and B73 were treated with radiolabeled bentazon, imazethapyr, and nicosulfuron, 75% or more of the amount of each herbicide absorbed was metabolized by B73 but <25% was metabolized by GA209 (Barrett et al., 1997) .
The genetic basis for herbicide sensitivity in corn has been examined for several herbicides. Based on responses of progeny from crosses of a bentazon-sensitive fi eld corn inbred, GA209, and bentazon-tolerant corn lines, Fleming et al. (1988) proposed that tolerance to bentazon was conditioned by a single gene designated as Ben. Subsequently, Bradshaw et al. (1994) reported that sensitivity of GA209 to bentazon was controlled by a single recessive gene or possibly by two recessive genes designated as ben1 and ben2. Co-dominance was proposed for sensitivity to chlorsulfuron based on intermediate responses of crosses of tolerant (T) and sensitive (S) corn lines compared to tolerant responses of T x T crosses and sensitive responses of S x S crosses (Landi et al., 1989) . Tolerance to primisulfuron was conditioned by a single dominant gene when a tolerant fi eld corn inbred, 4C0, was crossed with a sensitive inbred, 4N5 (Harms et al., 1990) . Green and Ulrich (1993) reported that sensitivity of fi eld corn and sweet corn to three sulfonylurea herbicides (nicosulfuron, primisulfuron, and thifensulfuron) was conditioned by a single recessive gene. Sensitivity to nicosulfuron in the fi eld corn inbreds Mp313E and L688 was inherited as a single recessive gene, which was designated as nsf1 (Kang, 1993) . Sensitivity of the fi eld corn inbred Ab18 to nicosulfuron also was conditioned by a single recessive gene (Widstrom and Dowler, 1995) . Moreno et al. (1999) used maize B-A translocation stocks to map the nsf1 gene to the short arm of chromosome 7. Green (1998) cited an unpublished report that mapped sensitivity to rimsulfuron in the fi eld corn inbred F 2 to the short arm of chromosome 5. Williams et al. (2006) used a map-based cloning approach to establish the location and sequence of the nsf1 gene on the short arm of chromosome 5.
A better understanding of the phenotypic and genetic relationships between responses of sweet corn to various herbicides will help sweet corn breeders identify and eliminate sensitive germplasm in breeding programs and will allow herbicide manufacturers to construct pesticide labels that adequately address the risks of using herbicides on sweet corn. The objectives of this study were to examine the inheritance of sensitivity in sweet corn to eight postemergence herbicide treatments (bentazon, carfentrazone, dicamba + difl ufenzopyr, foramsulfuron, mesotrione, nicosulfuron, primisulfuron, and rimsulfuron) having fi ve different modes of action (PSII-inhibiting, PPO-inhibiting, growth regulator, ALS-inhibiting, and HPPD-inhibiting), and to determine if there is a common genetic basis resulting in crosssensitivity to these herbicides.
Materials and Methods
PLANT MATERIAL. Sweet corn inbreds Cr1 and Cr2 (Crookham Co., Caldwell, Idaho) were identifi ed as sensitive and tolerant, respectively, to nicosulfuron and mesotrione in previous trials (Williams et al., 2005) . The F 1 , F 2 , BC 1 , and BC 2 generations were produced by crossing Cr1 and Cr2 and self-pollinating or backcrossing. These generations were evaluated for responses to four or eight different herbicide treatments in greenhouse or fi eld trials, respectively. Reciprocal F 1 and backcross generations were included in each trial. BC 1 S 1 , BC 2 S 1 , and F 3 (S 2 plants) generations were produced by self-pollinating BC 1 , BC 2 , and F 2 plants earto-row for an additional generation. These generations also were evaluated in fi eld trials for responses to fi ve herbicide treatments. F 3:4 families that were developed by self-pollinating F 1 plants ear-to-row for three generations were evaluated for responses to four herbicide treatments in greenhouse trials.
HERBICIDE TREATMENTS EVALUATED. Commercial formulation of herbicide treatments was applied with adjuvants (Table 1) . Herbicide treatments evaluated in greenhouse trials included an ALS-inhibitor (nicosulfuron), an HPPD-inhibitor (mesotrione), a growth regulator (dicamba + difl ufenzopyr), and a PPO-inhibitor (carfentrazone). These four herbicide treatments also were evaluated in the fi eld trials along with three additional ALS-inhibitors (foramsulfuron, primisulfuron, and rimsulfuron) and a PSII-inhibitor (bentazon). GREENHOUSE TRIALS. Both parental inbreds and F 1 , F 2 , BC 1 , and BC 2 generations were evaluated for responses to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and carfentrazone in greenhouse trials at the University of Illinois Plant Care Facility, Urbana. Each trial included three replicates of Cr1, Cr2, F 1 , and BC 2 generations, fi ve replicates of the F 2 generation, and 10 replicates of the BC 1 generation. Sixty plants were grown per 30 × 60 × 7-cm fl at fi lled with 1:1:1 mixture of soil, peat, and perlite supplemented with 14N-6.1P-11.6K Osmocote (The Scotts Co., Marysville, Ohio) pellets. An experimental unit was three rows in one-half of a fl at with 10 seeds planted per row. Two generations were planted per fl at. Generations were arranged in a completely random design. Air temperature was maintained at 24 ± 4 °C during a 14-h day. Sunlight was supplemented with metal halide lamps for an intensity of 1000 μmol·m -2 ·s -1 at the plant surface for14 h. F 4 plants in 143 F 3 families also were evaluated for responses to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and carfentrazone in greenhouse trials. An experimental unit was approximately 30 plants per family in three rows of one-half of a fl at. Two families were planted per fl at. Families were arranged randomly within trials. Each fl at also included two plants each of Cr1 and Cr2 as controls; and each trial also included at least two experimental units each of Cr1, Cr2, and Cr1 x Cr2 as controls.
Commercial formulations of herbicide treatments were applied when plants were at the three-to four-leaf stage (Ritchie et al., 2003) . Two fl ats of plants were treated simultaneously in an herbicide spray chamber equipped with an 80° fl at-fan nozzle delivering 187 L·ha -1 of treatment solutions at 207 kPa (Table 1) .
Seven to 10 days after herbicide treatments were applied, each plant was rated visually as sensitive or tolerant based on symptoms of injury due to nicosulfuron, mesotrione, or dicamba + difl ufenzopyr. Plants sensitive to nicosulfuron were mostly necrotic. Leaves of plants sensitive to mesotrione were bleached and severely chlorotic. Plants sensitive to dicamba + difl ufenzopyr grew abnormally with rolled leaves and calloused tissue at the soil line that caused seedlings to lodge severely. For carfentrazone (a contact herbicide), all plants were injured to some degree. Severity of shoot necrosis was rated visually for each plant from 1 (no injury) to 9 (100% leaf area necrotic) except for F 4 plants in the F 3 family study, in which case each experimental unit was assigned two ratings independently by each of two investigators. The four ratings were then averaged for each experimental unit. Families in the F 3:4 study were classifi ed as sensitive, segregating, or tolerant to nicosulfuron, mesotrione, and dicamba + difl ufenzopyr based on the percentage of injured F 4 plants per family which would be expected to be 100%, 25% and 0% for sensitive, segregating, and tolerant families, respectively, if tolerance was conditioned by a single gene. Families were classifi ed as sensitive if the number of sensitive plants was greater than expected for segregating families for a single gene based on chi-square goodness-of-fi t tests with P < 0.002 (about 50% or more of the plants were injured). Families were classifi ed as tolerant if the number of sensitive plants was less than expected for segregating families based on chi-square goodness-of-fi t tests with P<0.06 (less than ~12% of the plants were injured). If 12% to 49% of the plants were injured, families were classifi ed as segregating. Families were classifi ed as sensitive to carfentrazone if the average rating was 6.6 or higher, segregating if the average rating was between 5.4 and 6.5, and tolerant if the average rating was 5.3 or less.
For nicosulfuron, mesotrione, and dicamba + difl ufenzopyr, ratios of tolerant and sensitive plants in the F 2 and BC 1 generations were compared by chi-square goodness-of-fi t tests to 3:1 and 1:1, respectively, which would be expected if herbicide tolerance was conditioned by a single, dominant gene. Generation mean values were compared for injury ratings for carfentrazone. In a second set of fi eld trials, four replicates of both parental inbreds and F 1 , F 2 , BC 1 , and BC 2 generations were evaluated for responses to primisulfuron and rimsulfuron. The two herbicides were separate trials. In both trials, each replicate included one row each of Cr1, Cr2, and F 1 ; two rows of the BC 2 generation, four rows of the BC 1 generation and fi ve rows of the F 2 generation. Rows were 5.3 m long with 26 seed planted per row.
Commercial formulations of herbicides were applied at rates indicated in Table 1 when plants were at the four-to six-leaf stage (Ritchie et al., 2003) . All herbicides were applied on the same day using a tractor-mounted compressed-air sprayer calibrated to deliver 148 L·ha -1 of spray solution at 209 kPa.
In all trials except those treated with carfentrazone, each plant was rated visually as tolerant or sensitive 7 and 21 d after application of herbicide treatments. In the carfentrazone trial, all plants had some degree of shoot necrosis. Therefore, two investigators independently rated symptoms of carfentrazone injury for each experimental unit 14 d after treatment using a scale from 1 (no injury) to 9 (100% leaf area necrotic). Carfentrazone injury ratings were averaged over investigators and replicates.
Ratios of plants sensitive or tolerant to fi ve herbicide treatments (nicosulfuron, mesotrione, dicamba + difl ufenzopyr, foramsulfuron, and bentazon) in the F 2 , BC 1 , F 3 , BC 1 S 1 , and BC 2 S 1 generations were compared by chi-square goodness-offi t tests to ratios that would be expected if herbicide tolerance was conditioned by a single, dominant gene. Generation means were compared for injury ratings for carfentrazone. The ratios of sensitive, segregating, and tolerant BC 1 S 1 , BC 2 S 1 , and F 2 families for each of the six herbicides also were compared by chi-square goodness-of-fi t tests to ratios that would be expected if a single, dominant gene conditioned response to the herbicides. Families were considered to be sensitive if more than 60% of the plants were injured, segregating if 9% to 60% of the plants were injured, and tolerant if less than 9% of the plants were injured. Families were classifi ed as sensitive to carfentrazone if the average rating was 6.5 or higher, segregating if the average rating was between 4.5 and 6.5, and tolerant if the average rating was 4.5 or less.
Correlation coeffi cients were calculated among responses of the 28 BC 1 S 1 , 28 BC 2 S 1 , and 30 F 2 families to the six herbicide treatments using PROC CORR of SAS. The dependent variables were the percentage of plants per family injured by nicosulfuron, mesotrione, dicamba + difl ufenzopyr, foramsulfuron, and bentazon, and the family mean injury rating for carfentrazone.
In the second set of fi eld trials, ratios of plants tolerant or sensitive to primisulfuron and rimsulfuron in the F 2 and BC 1 generations were compared by chi-square goodness-of-fi t tests to 3:1 and 1:1 ratios, respectively, which would be expected if herbicide tolerance was conditioned by a single, dominant gene.
Results

GREENHOUSE TRIALS.
Segregation of progeny in the F 2 and BC 1 generations and segregation of F 3:4 family responses to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and carfentrazone were not different from the ratios expected if tolerance was conditioned by a single, dominant gene. All plants of Cr1 were sensitive to nicosulfuron, mesotrione, and dicamba + difl ufenzopyr; and the carfentrazone injury rating was 7 (Table 2 ). All plants of Cr2 and all progeny in the F 1 and BC 2 generations were tolerant to nicosulfuron, mesotrione, and dicamba + difl ufenzopyr, although some plants in the F 1 and BC 2 generations had very mild symptoms of injury from mesotrione and dicamba + difl ufenzopyr that we classifi ed as tolerant. Carfentrazone injury ratings were 5.3, 5.8, and 5.2 for Cr2, the F 1 and BC 2 generations, respectively. Based on chi-square goodness-of-fi t tests, ratios of tolerant and sensitive progeny in the F 2 and BC 1 generations were not signifi cantly different (P > 0.01) from 3:1 and 1:1, respectively. There were no differences between reciprocal BC 1 generations. Carfentrazone injury ratings were 5.9 and 6.1 for the F 2 and BC 1 generations, respectively.
Ratios of tolerant, segregating, and sensitive responses of F 3:4 families to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and carfentrazone were not signifi cantly different (P > 0.01) from 3:2:3, although the probability associated with the chisquare goodness-of-fi t test was 0.03 for responses of F 3:4 families to carfentrazone (Table 3) . Correlations among the percentage of F 4 plants in F 3 families that were sensitive to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and carfentrazone injury ratings for F 3:4 families ranged from 0.93 for nicosulfuron and mesotrione to 0.73 for dicamba + difl ufenzopyr and carfentrazone (Table 4) .
FIELD TRIALS.
Segregation of progeny in the F 2 , BC 1 , BC 1 S 1 , and BC 2 S 1 and segregation of BC 1 , BC 2 , and F 2 family responses were not different from the ratios expected if tolerance to each of the herbicide treatments (except for bentazon) was conditioned by a single, dominant gene. All plants of Cr1 were sensitive to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, foramsulfuron, bentazon, primisulfuron, and rimsulfuron (Tables 5-6). Injury due to carfentrazone on Cr1 was rated 7.5 (Table 6 ). All plants of Cr2 and 94% or more of the plants in the F 1 and BC 2 generations were tolerant to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, foramsulfuron, bentazon, primisulfuron, and rimsulfuron (Tables  5-6 ). A few plants in each generation had very mild symptoms of injury from mesotrione and dicamba + difl ufenzopyr that were classifi ed as tolerant, similar to the greenhouse trials. Injury due to carfentrazone was rated 5.3, 4.5, and 4.8 for Cr2 and the F 1 and BC 2 generations, respectively (Table 6) .
Based on chi-square goodness-of-fi t tests, ratios of tolerant and sensitive progeny in the F 2 , BC 1 , BC 1 S 1 , and BC 2 S 1 generations were not signifi cantly different (P > 0.01) from 3:1, 1:1, 3:5, and 7:1, respectively, for nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and foramsulfuron (Table 5) . Similarly, ratios of tolerant and sensitive progeny in the F 2 and BC 1 generations were not signifi cantly different (P > 0.01) from 3:1 and 1:1, respectively, for primisulfuron and rimsulfuron (Table 6 ). There were no differences between reciprocal BC 1 generations. Carfentrazone injury ratings were 5.5 and 6.0 for the F 2 and BC 1 generations, respectively (Table 5) . Segregation of progeny tolerant or sensitive to bentazon in the F 2 , BC 1 S 1 , BC 2 S 1 , and F 3 generations did not fi t the ratios expected for a single gene. Likewise, ratios of progeny tolerant or sensitive to each of the herbicide treatments in the F 3 generation did not fi t the ratios hypothesized for a single gene due to higher than expected numbers of sensitive plants (Table 5 ). The number of sensitive F 3 plants was infl uenced by ratios of sensitive, segregating, and tolerant F 2 families (Table 7) . While those ratios fi t the ratios expected for a single gene (see below), there were more sensitive than tolerant F 2 families, thus infl uencing ratios of F 3 plants.
Based on chi-square goodness-of-fi t tests, ratios of tolerant, segregating, and sensitive BC 1 , BC 2 , and F 2 family responses to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, carfentrazone, and foramsulfuron were not signifi cantly different (P ≤ 0.01) from those expected if tolerance was conditioned by a single, dominant gene except for the response of F 2 families to nicosulfuron (P = 0.003) (Table 7) . However, for each of these herbicide treat- z Expected ratios of tolerant, segregating, and sensitive families if tolerance is conditioned by a single, dominant gene: BC1 families (0:1:1), BC 2 families (1:1:0), and F 2 families (1:2:1). y T = tolerant; Seg. = segregating; S = sensitive. x Tolerant and segregating families combined for chi-square test of goodness-of-fi t. w Sensitive and segregating families combined for chi-square test of goodness-of-fi t.
ments, probabilities associated with the chi-square tests of F 2 family responses were relatively low (i.e., probabilities ranging from 0.07 to 0.02) as a result of larger than expected number of sensitive families (Table 7) . For bentazon, responses of BC 1 , BC 2 , and F 2 families failed to fi t the expected ratios due to a greater than expected number of tolerant responses among BC 2 and F 2 families and a greater than expected number of segregating responses among BC 1 families (Table 7) . Segregation of responses to bentazon also was tested by chisquare goodness-of-fi t for ratios expected if two independent genes conditioned tolerance. Segregation of plants within generations did not fi t a two-gene model (Table 8) . Segregation of responses of BC 1 and BC 2 families fi t a two-gene model, but segregation of responses of F 2 families did not (Table 8) .
Correlations among the percentage of plants in 28 BC 1 , 28 BC 2 , and 30 F 2 families that were sensitive to nicosulfuron, mesotrione, dicamba + difl ufenzopyr, and foramsulfuron ranged from 0.95 to 0.98 (Table 9) . Correlations among the responses of families to these four herbicide treatments and carfentrazone injury ratings ranged from 0.77 to 0.82. Correlations among percentage of plants in 28 BC 1 , 28 BC 2 , and 30 F 2 families that were sensitive to bentazon and responses to the other fi ve herbicide treatments ranged from 0.66 to 0.77. Families tolerant to the other fi ve herbicide treatments were tolerant to bentazon. However, families that segregated for response to the other fi ve herbicide treatments were tolerant or segregating for response to bentazon; and families that were sensitive to the other fi ve herbicide treatments were sensitive, tolerant, or segregating for response to bentazon. 
Discussion
An association between the responses of sweet corn hybrids and inbreds to nicosulfuron and mesotrione and segregation for response to nicosulfuron and mesotrione in F 2 families derived from a cross of Cr1, a sensitive inbred, and Cr2, a tolerant inbred (Williams et al., 2005) , prompted us to examine the inheritance of sensitivity to multiple postemergence herbicides in sweet corn. Based on segregation of tolerant and sensitive progeny and segregation of family responses, our data indicate that a single recessive gene in sweet corn inbred Cr1 conditions sensitivity to four ALSinhibiting herbicides (foramsulfuron, nicosulfuron, primisulfuron, and rimsulfuron), an HPPD-inhibiting herbicide (mesotrione), a growth regulator herbicide combination (dicamba + difl ufenzopyr), and a PPO-inhibiting herbicide (carfentrazone). Based on highly signifi cant positive correlations of phenotypic responses among F 3:4 , BC 1 S 1 , BC 2 S 1 , and F 2 families, the same gene (or closely linked genes) appears to condition responses to each of these herbicide treatments. This gene also appears to affect the response to bentazon since families that were tolerant to the other herbicide treatments were tolerant to bentazon. However, other gene(s) may be involved in tolerance to bentazon since families sensitive to the other herbicide treatments were tolerant, segregating, or sensitive for response to bentazon, and families segregating for response to the other herbicide treatments were tolerant or segregating for response to bentazon. Previously, Bradshaw et al. (1994) proposed that sensitivity of GA209 to bentazon was controlled by two recessive genes which Barrett et al. (1997) proposed were linked.
Our results corroborate and expand on previous studies of the genetic basis of herbicide sensitivity in corn. In addition to observing simply inherited sensitivity to multiple ALS-inhibiting herbicides and slightly more complex inheritance of tolerance to bentazon, we propose that a single gene in Cr1 also conditions sensitivity to an HPPD-inhibiting herbicide, a PPO-inhibiting herbicide, and a growth regulator herbicide. Previous researchers demonstrated that response of corn to several ALS-inhibiting herbicides was inherited as a single recessive gene (Green and Ulrich, 1993; Harms et al., 1990; Kang, 1993; Widstrom and Dowler, 1995) . Kang (1993) designated the gene responsible for sensitivity to nicosulfuron as nsf1, which subsequently was mapped to the short arm of chromosome 7 using maize B-A translocation stocks (Moreno et al., 1999) . Green (1998) cited unpublished data for the inbred F 2 that mapped sensitivity to rimsulfuron to the short arm of chromosome 5. Williams et al. (2006) recently used a map-based cloning approach to identify the position and sequence of the nsf1 gene on the short arm of chromosome 5. Sensitivity of GA209 to bentazon was inherited as a single gene or two genes that may be linked, which were designated as ben1 and ben2 Fleming et al., 1988) . GA209 was also more sensitive to imazethapyr, nicosulfuron, primisulfuron, and chlortoluron and slightly more sensitive to dicamba than B73, a bentazon-tolerant inbred (Barrett et al., 1997) . These authors proposed that the ben1 gene was associated with metabolism of bentazon and nicosulfuron while the ben2 gene was associated only with metabolism of bentazon. The gene that conditions sensitivity of Cr1 to multiple herbicides may be allelic with the ben1 and/or nsf1 genes. The pleiotrophic responses to multiple herbicides may be due to regulation of a major cytochrome P450 enzyme, which Barrett et al. (1994) labeled as a "super P450." Based on a recent cloning study (Williams et al., 2006) , the nsf1 gene appears to be a P450. Alternatively, the gene in Cr1 may be different from the ben1 and/or nsf1 gene(s) and may affect the regulation of multiple cytochrome P450s or other enzymes involved in herbicide metabolism. It is possible that metabolism of herbicides in corn may involve more than one cytochrome P450. Cross-tolerance to various herbicides with different chemical structures and different modes of action was recently observed in transgenic rice plants that expressed three different human P450 genes, CYP1A1, CYP2B6, and CYP2C19 Kawahigashi et al., 2005) .
In our trials, responses to the ALS-inhibiting herbicides and to bentazon were unambiguous. Plants had no symptoms of injury or they were mostly necrotic following applications of bentazon or ALS-inhibiting herbicides. Conversely, responses to mesotrione and dicamba + difl ufenzopyr sometimes were intermediate. Leaves of intermediate phenotypes were slightly bleached by mesotrione, and plants with intermediate responses to dicamba + difl ufenzopyr had slight abnormalities in growth that were more similar to tolerant phenotypes than sensitive phenotypes. Intermediate responses were not consistently discernable enough to separate as a different phenotypic class; however, we hypothesize that an intermediate phenotypic class would be observed if more precise methods could be used to measure responses to these herbicide treatments. In other words, we propose that herbicide metabolism in plants heterozygous for the primary gene affecting herbicide response in progeny of Cr1 x Cr2 may be intermediate to that of plants that are homozygous tolerant or homozygous sensitive. Thus, under some environmental conditions or at certain application rates of these herbicides, phenotypes may segregate as a co-dominant trait rather than as the dominant trait observed in these experiments.
Sweet corn hybrids are frequently evaluated for responses to herbicides in multiple years and locations due to responses that are not always consistent across environments. Inconsistent responses across environments may occur if plants have an intermediate rate of herbicide metabolism. If the gene in Cr1 that conditions sensitivity to multiple herbicides acts in a co-dominant manner, and certain sweet corn hybrids are heterozygous for this gene (or similar genes), those hybrids could respond differently among trials to herbicides affected by this gene. Based on segregation of tolerant and sensitive progeny in F 2 generations, over 35 sweet corn hybrids were recently identifi ed to be heterozygous for a gene(s) affecting sensitivity to nicosulfuron and mesotrione (J.K. Pataky and M.M. Williams, unpublished) . Additional research is necessary to determine if these hybrids and their inbreds are allelic for the gene that conditions herbicide sensitivity in Cr1 and if heterozygotes have an intermediate rate of metabolism that results in herbicide injury under certain conditions. Similarly, additional tests are necessary to determine if the gene that conditions herbicide sensitivity in Cr1 is the same as the ben1 and/or nsf1 gene(s). Evaluation of responses of progeny of Cr1 x Cr2 to additional herbicides also would be useful in determining the spectrum of cross-sensitivity conferred by the gene in Cr1.
